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Sequential Recruitment of HAT and SWI/SNF
Components to Condensed Chromatin by VP16
mass that is 1 m in diameter. Targeting the strong
transcriptional activator, VP16 acidic activation domain
(AAD), to this condensed chromosome region via a lac
Sevinci Memedula1,2 and Andrew S. Belmont1,*
1Department of Cell and Structural Biology
University of Illinois, Urbana-Champaign
Urbana, Illinois 61801 repressor-VP16 AAD fusion leads to histone hyperacety-
lation, recruitment of histone acetyltransferases, and2 Department of Physical Chemistry
University of Bucharest transcriptional activation, accompanied by a dramatic,
large-scale chromatin decondensation [7].70709 Bucharest
Romania We used this system to visualize directly the recruit-
ment timing of HAT and SWI/SNF components within
condensed chromatin after VP16 AAD targeting. Tran-
sient transfection of GFP-lac repressor-VP16 AAD (Fig-Summary
ure 1A) was used with immunofluorescence against en-
dogenous proteins to assay steady-state histoneEukaryotic transcription initiation requires the com-
acetylation and recruitment levels of transcription cofac-plex dynamics of hundreds of proteins, many of which
tors (Figure 1B). Timing of recruitment was resolved byare found in large multisubunit complexes [1]. Recent
using bead loading [8] (Figure 1C), which minimized theexperiments have suggested stepwise recruitment of
time required for VP16 targeting and increased the timepreassembled complexes, including chromatin re-
resolution of our recruitment assay (Figure 1D).modeling, general transcription factor, mediator, and
Binding of exogenous GFP-lac repressor-VP16 AADpolymerase complexes [1], in which the actual order
or control GFP-lac repressor was already significant atof recruitment may vary for different promoters [2].
“zero” minutes, corresponding to fixation 1–2 min afterHow do these complexes access target sequences
initiation of the bead-loading procedure. Deconvolvedcontained within tightly condensed chromatin? While
images showed uniform fluorescence throughout thechromatin remodeling activities may facilitate the ac-
volume of the amplified region (Figure 1D). Therefore,cessibility of large transcription and polymerase com-
high condensation of the interphase gene-amplified re-plexes to promoters, it is not known how they them-
gion, close to the compaction observed within meta-selves are targeted within condensed chromatin. Gene
phase chromosomes [6], did not present an accessibilityactivation in the context of condensed chromatin does
barrier to the GFP-lac repressor or GFP-lac repressor-occur. A yeast acidic activator, Gal4, can overcome
VP16 AAD dimers (135 and 162 kd, respectively).heterochromatin gene silencing in Drosophila [3], and
VP16 AAD interacts with several components of chro-the addition of LCRs (locus control regions) to trans-
matin remodeling complexes, including Snf5, Swi1, andgenes overcomes position effect silencing, even within
Swi2/Snf2, subunits of the yeast SWI2/SNF2 complexcentromeric chromatin [4]. Here, we directly visualize
[9], and Tra1, a yeast subunit of both the SAGA and NuA4the recruitment of HAT and SWI/SNF components after
histone acetyltransferases (HATs) [10]. TRRAP [11], atethering the VP16 acidic activation domain within
mammalian homolog of the yeast Tra1 protein, is a com-condensed chromatin. A recruitment delay of tens to
ponent of several similar mammalian HAT complexes.hundreds of minutes for catalytic HAT subunits and
These include two SAGA-like complexes, which appearSWI/SNF subunits, relative to other HAT and SWI/SNF
to largely differ by whether they contain PCAF or GCN5components, suggests sequential recruitment/assem-
acetyltransferase catalytic subunits, as well as two otherbly of chromatin remodeling complexes within con-
GCN5-containing complexes, TFTC and STAGA [12],densed chromatin.
which share a number of subunits with the SAGA-like
complexes [13, 14]. TRRAP also is a component of a
Results and Discussion NuA4-like, homologous complex that contains the TIP60
catalytic subunit, which is related to the yeast Esa1
We developed a simplified system to visualize in vivo acetyltransferase subunit of NuA4 [12].
recruitment of cofactors to specific transcription factors Whereas TRRAP is recruited to near steady-state lev-
(Figure 1A). A lac operator 256 copy direct repeat was els within 0–5 min after bead loading of GFP-lac repres-
inserted in an expression vector for DHFR (dihydrofolate sor-VP16 AAD, histone acetylation does not attain high
reductase). Transfection into DHFR cells allowed se- levels until 20–30 min after bead loading (Figures 2A
lection of stable transformants, which were then used for and 2C). This lag in histone acetylation is closely corre-
methotrexate gene amplification [5]. The A03_1 stable lated with a delayed recruitment of HAT catalytic sub-
clone contains an 90 Mb, condensed, late-replicating units. Recruitment of both GCN5 and PCAF, known to
amplified chromosome region, organized as transgene preferentially acetylate nucleosomal histone H3 as a
repeats that are 400 kb in length and are spaced by HAT complex [12], together with p300/CBP, nicely paral-
flanking, coamplified genomic DNA that is estimated to lels the burst in histone H3 acetylation, reaching high
be 1000 kb in length [6]. During most of interphase, levels at 20–30 min after bead loading (Figures 2B and
this amplified chromosome region forms a compact 2C). Histone H4 acetylation is slightly delayed 5–10 min
relative to histone H3 acetylation (Figure 2C). Surpris-
ingly, however, TIP60, the catalytic subunit of NuA4,*Correspondence: asbel@uiuc.edu
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Figure 1. Visualizing In Vivo Recruitment of Coactivators
(A) A schematic showing that A03_1 cells containing a 90 Mb, amplified chromosome region (HSR) with lac op repeats are transiently
transfected with an expression vector for EGFP-lac repressor-VP16 AAD. Dramatic decondensation of the HSR is revealed by GFP fluorescence
24–72 hr after transfection.
(B) Top panels: DAPI DNA staining (blue) and GFP fluorescence (red) shows decondensed HSR within nuclei. Bottom panels: steady-state
recruitment of Brg1 and GCN5 to HSR and histone H3 acetylation revealed by antibody staining.
(C) A schematic showing that rapid loading of A03_1 cells with purified GFP-lac repressor-VP16 AAD protein allows visualization of coactivator
recruitment and histone modification dynamics. Protein (green dots) enters cells through transient holes produced by the bead-loading
procedure. Cells are returned to an incubator, then fixed at later times.
(D) Top panels (left): GFP fluorescence (top) and TRRAP staining (bottom) at 5 and 20 min after bead loading reveals rapid recruitment of
TRRAP. Top panels (right): in contrast, no accumulation of GCN5 staining (bottom) is observed over the GFP-stained HSR (top) at 5 min.
GCN5 recruitment over HSR is seen in this example at 20 min. Bottom panels: Brm (red) is recruited to HSR (green) within 5–10 min after
bead loading.
The scale bars in (B) and the top panels of (D) represent 1 m; the scale bars in the bottom panels of (D) represent 0.5 m.
which preferentially acetylates histone H4, is delayed in els within 5–10 min of bead loading (Figures 3B and 3C).
As discussed above, yeast Swi2, the ATPase unit ofits recruitment, requiring 45–60 min to reach 40% of
cells showing strong recruitment levels and 3–5 hr to yeast SWI/SNF, has been shown to interact biochemi-
cally with the VP16 AAD. In vitro experiments, however,reach steady-state levels (Figure 2D). We conclude,
therefore, that TIP60 most likely is not responsible for have failed to show interaction of human SWI/SNF with
the VP16 AAD [15, 16]. Our in vivo experiments nowthe burst in histone H4 acetylation observed between
20 and 30 min after bead loading, but rather that either demonstrate a rapid recruitment of Brg1 and Brm by
VP16 AAD, although our results do not indicate whetherp300/CBP or some unidentified HAT with H4 specificity
is responsible for this early H4 acetylation. We cannot this is through direct versus indirect interactions. How-
ever, both BAF150 and BAF170, components of Brg1exclude the possibility, however, that a small amount
of Tip60, insufficient to accumulate to the point of pro- and Brm SWI/SNF-like chromatin remodeling com-
plexes, require 90 min to reach near steady-state lev-ducing a significant signal, is still sufficient for the early
histone H4 acetylation. However, in light of the compara- els and 45 min to reach 40%–50% strong recruitment
levels (Figures 3B and 3C). The similarity between thetive accumulation of the other HATs, Gcn5, PCAF, and
p300/CBP, we view this as unlikely. recruitment profiles of BAF150 and BAF170 is consistent
with previous observations that these proteins associateInterestingly, Brg1 and Brm, the ATPase subunits of
the two mammalian SWI/SNF chromatin remodeling with each other in a complex with IN1 [17].
Large-scale chromatin decondensation induced bycomplexes, both are recruited to near steady-state lev-
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Figure 2. Early TRRAP Recruitment Significantly Precedes Histone Hyperacetylation and HAT Recruitment
(A) Examples of histone acetylation antibody staining (red) and TRRAP recruitment (red) by GFP-lac repressor-VP16 AAD (green) over HSR.
(B) Antibody staining was qualitatively classified as no recruitment, weak recruitment, or strong recruitment. Examples for CBP/p300 are
shown. The arrows in the top panels (CBP/p300 staining) point to locations of HSR identified by GFP-lac repressor-VP16 AAD binding (bottom
panel).
(C) Statistics for different times after bead loading are shown for histone acetylation and HAT recruitment. Similar classification for results 48
hr after transient transfection (48 hr) provide comparison with steady-state levels. Each bead loading time point uses measurements of 30–85
cells. Strong recruitment of TRRAP is seen 5 min after GFP-lac repressor-VP16 AAD loading, while strong histone hyperacetylation appears
20–30 min after loading. Histone H4 hyperacetylation appears to lag behind histone H3 hyperacetylation by 10 min. The jump in histone
acetylation at 20–30 min correlates well with the timing of GCN5, PCAF, and CBP/p300 recruitment.
(D) TIP60 recruitment significantly lags behind recruitment of GCN5, PCAF, and CBP/p300, and it requires 1 hr to reach significant levels and
several hours to reach near steady-state levels. Statistics (top panel) and examples of recruitment (bottom panels) are shown as in (B) and (C).
(E) Changes in HSR size at various times after bead loading of the control GFP-lac repressor (LacI) or GFP-lac repressor-VP16 AAD (LacI-
VP16) proteins. Each measurement represents an average over 30–66 cells. The 48 hr time point corresponds to observations on transiently
transfected cells. The GFP-repressor-stained HSR is essentially constant in size at 1 m2 . VP16 AAD induces roughly a doubling in area
between 10 and 20 min. Between 20 min and 3 hr, the area remains relatively unchanged, but it nearly doubles again between 3 and 5 hr.
VP16 AAD shows a biphasic response (Figure 2E), with decondensation, although, at this stage, it remains un-
clear which is cause versus effect. The initial doublingan approximate doubling in projected area between 10
and 20 min after VP16 targeting, followed by a several in area between 10 and 20 min after VP16 targeting
coincides with a large increase in GCN5, PCAF, andhour lag in which size is constant before another dou-
bling in size between 3 and 5 hr. Initially, this extensive CBP recruitment and increased histone acetylation. In-
creased recruitment, however, of BAF155 and BAF170lag period before extensive opening was puzzling. How-
ever, our current results, showing delayed recruitment between 45 and 90 min and TIP60 between 90 min and
3 hr precedes the second increase in area between 3of TIP60 and BAF subunits, now indicate that some
remodeling factors also require hours to reach steady- and 5 hr. Delayed recruitment of other components of
chromatin remodeling or histone modification activitiesstate recruitment levels. These results provide a possi-
ble explanation for this several hour delay in extensive may also play a role in this delayed decondensation.
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Figure 3. Early Brg1 and Brm Recruitment Significantly Precedes Recruitment of BAF155 and 170
The display is as in Figure 2.
(A) Examples of no, weak, and strong recruitment of BAF155 are marked by arrows (top panels) pointing to locations of HSR identified by
GFP-lac repressor-VP16 AAD binding (bottom panel).
(B) Statistics show that recruitment of Brg1 and Brm reach near steady-state levels (48 hr) within 5–10 min after bead loading of GFP-lac
repressor-VP16 AAD, while BAF155 and 170 require 90 min to reach near steady-state levels. At 10 min after bead loading, BAF155 and 90
recruitment lags significantly behind Brg1 and Brm.
(C) Examples of recruitment of Brg1 or BAF155 (red) versus GFP-lac repressor-VP16 AAD (green) showing colocalization.
The scale bar in (A) represents 1 m; the scale bar in (C) represents 0.5 m.
Steady-state decondensation, assayed 48 hr after tran- histone H3 acetylation. Second, early recruitment of en-
dogenous TRRAP, whose yeast homolog Tra1 has beensient transfection, shows still further increases relative
to 5 hr after VP16 targeting. shown to directly bind acidic activators, was verified
independently by using transient transfection of a FLAG-Our results demonstrate varying kinetics for the accu-
mulation of several different components of SWI/SNF tagged TRRAP construct (S. Pop, M. Cole, and A.S.B.,
unpublished data), as was the late recruitment of TIP60remodeling and SAGA-containing HAT complexes at a
condensed, interphase chromosome region. These re- by using transient transfection of a FLAG-tagged TIP60
construct (S. Pop, J. Cote, and A.S.B., unpublished data).sults cannot be attributed trivially to peculiarities related
to restricted reactivity of the particular antibodies used Instead, our results imply that targeting of protein
components of these complexes can occur withoutagainst the endogenous proteins for these studies. First,
despite independently raised antibodies, our results them being in a single, obligatory large complex. More-
over, critical subunits, such as Brm and Brg1 for SWI/show significant internal consistency. Functionally simi-
lar proteins such as Brm and Brg1, whose yeast homolog SNF and TRRAP for SAGA-like complexes, are recruited
within several minutes in large amounts to condensedSwi2 is known to bind directly to acidic activators, are
recruited with similar early kinetics, while BAF155 and chromatin before significant recruitment of other com-
plex components. Both Brm and Brg1 are known to beBAF170, known to interact directly in a complex when
coexpressed, show strikingly similar but significantly active as monomers in defined biochemical assays [18].
We speculate, therefore, that recruitment of either indi-later recruitment kinetics. Moreover, the catalytic HAT
subunits GCN5, PCAF, and p300/CBP show quite similar vidual components or partial subcomplexes, which
themselves produce some level of chromatin-modifyingrecruitment kinetics, peaking very close to the peak of
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using these values to calculate the area of the corresponding ellipseactivity, provides a mechanism by which certain tran-
with these diameters.scriptional activators can activate target genes within
the context of condensed chromatin. Partial chromatin
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